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SUMMARY 

An investigation i 8  being  conducted t o  evaluate  the  durability of 
promising blade  configurations of air-cooled ro tor  blades i n  a  modified 
turbojet engine and t o  obtain some bight regarding  the  effect of 

heat-treatment,  and method of fabrication on the m e  and the  durability 
of blade  configurations made of nonc r i t i ca lmte r i a l s .  The results 
obtained  with 12 blades fabricated from noncritical  materials  are pre- 
sented. These blades ccazrprtsed five  basically different s t ructural  o r  
cooling coqfigurgtipns or  both. _Two of the  configurations were modified 
a t   the  leading and trai . l ing edges t o  provide ft3.u cooling of the  blades 
and thus  decrease-the chordwise  temperature  gradients a t  the  possible 
expense of strength. Three of the  configurations had no leading- or 
trailing-edge  modlficati&s and coisequently had large chordwise tem- 
perature  gradients. 

* vibration,  large chordwise  temperature  gradients,  creep , oxidation, 

. 

The investigation of these  blade  configurations  consisted In 
operating  the blades over a range of continuaus  engine  speeds froan 
4000 to 11,500 rpm ana cooling-air flows per  blade f r m  15 t o  5 percent 
of the cmibustion-gas flow 'per blade. The blades which could  withstand 
the  continuous  speed  operation were subJected to a more severe test 
that  consisted of alternate  cycles of 5 minutes at idle speed (4000 rpm} 
and 15 minutes a t   r a t ed  engine  speed (ll, 500 rpm) with 15 seconds 
allowed f o r  acceleration o r  deceleratun. A t  rated engine  speed the 
effective gas  temperature was maintained a t  1450° F. This  temperature 
corresponds t o  a turbine-inlet temperature of approximately 1670° F. 
The cooling-air  flow  per blade f o r  the  cycllc  test was maintained at  a 

.I constant  value of 5 percent of the  cmbustioggas flow per  blade a t .  
rated engine  ewed. 

. 
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The results of the  investigation  indicated  that $he blade con- 
figuraticms  modified.for film cooling were structui.ally  unsatisfactory. 
Cracks dweloped  across-the  leading e'dges of these  blades.  after  less 
than 1 hour of aperation a t  rated engine  speed  because of vibration and 
the high stress  concentrations. 

The results  with  the  blade  configurations that had no modifications 
of the  leading or t ra i l ing  edges, however,  showed promise of sustained 
engine  operation. A blade -of this type made of Timken 17-228(5) alloy 
s t e e l  completed 200 cycles of operation (50 hr a t  rated  speed), which 
was  considered  sufficient t o  demonstrate the  durability of t h i s  tyge of 
blade from  a structural  and cooling  standpoint. A t  the completion of 
the  investigation,  the  bzde w a s  s t i l l  in good condition  except for  con- 
siderable  oxidation a t  the  leading and t ra i l ing  edges. The endurance 
investigation on a SAE 4130 steel  blade w a s  terminated a f t e r  154 cycles 
(38.5 hr at rated speed)  because of severe  oxidation at   the  leading and 
t ra i l ing  edges. The investigation  although  limited in the number of 
blades  tested  indicates,  nevertheless, that air-cooled  rotor  blades " 

made of noncrit icalmaterials c& be  operated f o r  extended periods of  
time a t  current  turbine-inlet  temperatures and engine speeds and can 
withstand  repeated  thermal shock. It was apparent, however, that  some 
means, such as coatings, is  required t o  inhlbit oxidation of the  blade 
shell. 

" I - .. .. 
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. .  
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INTRODUCTION 

An inveetigation of various  configuration6  of.air-coaled  turbine 
blades  installed  in a cammercial turbojet engine was  started a t  the 
NACA Lewis laboratory  in  order  to  obtain a blade  configuration tbat 
would permit  engine op r s t lon  a t  curseat..turkine-inleT,  temperatures 
when noncrit icalblade materials were used.  Materials that contain  not 
more than 5 percent of clritical alloying elements are considered as 
noncritical materials herein. The investigations of blades that had.no 
special method for  cool" the .leading- -OF. tSiling-@ge. sections  indi- 
cated  that  appreciable  cooling. of  the midchord sectign was .obtained .. 

(references 1 t o  3 ) .  The leading-  and-trailing-edge  -portions of the . 

blades, however,  were considerably Plotter than  the midchord; come- 
quently, large cho.rdwise temperature gradients  existed, ..With large 
temperature  gradients, a redistribution of stresses would probably '- 

occur and the  cooler midchord region would become the  principal load-  
carrying  section. Such a 6tres.s rgdistribufZLon..w.ould grpbably  permit 
satisfactory  operation of this type, of blade. 

In  an attemgt t o  decrease the chordwis5. teaierature gradients a n d . .  

to  eliminate  the  necessity of stress redistribution,  severalmethode of 
modifying the leading- or-trailhg-edge or both  gortions of the blades" 
were also  investigated  (references 4 t o  7 ) .  The investigations  indicated 

- " 
-. . 

. .- 
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that the chordwise  temperature  gradients corild be  reduced  appreciably 
and that considerable  cooling of  the entire blade is possible. The 
blades  modified in this manner appeared t o  be more desirable w i t h  
respect t o  cooling  effectiveness  than  those  having  high  chordwise 
eemperature  gradients. When the leading- and trailing-edge temrperatures 
are reduced through the use of slots or holes, the  structural  charac- 
t e r i s t i c s  of the blade, however, may adversely  affect blade life. 

In order t o  investigate  the problems of large chordwise temperature 
gradients,  vibration, and the method of fabrication  associatedwith.the 
various  configurations and also in order to.investigate  the problems of 
creep,  oxidation, and heat-treatment associated w i t h  noncritical  alloys, 
five  blade  configurations were subjected t o  a schedule of operating 
conditions in a production  turbojet  engine that va6 modified to accommo- 
date several  air-cooled  blades. 

In  general,  the-investigation  consisted of two types of. t e s t  con- 
dit ions.  One t y p e  consist& i n  operating  the blades over a range of 
constant  engine speeds and the other type consisted of a  cyclic-type 
t e s t   i n  which the engine w a s  rapidly  acceledted and decelerated  in 

the  constant-speed running. A greater  part of the  research was a t  
engine spe& of. U,500 rpm, .a turbine-inlet temperature of  1670° F, 

n order t o  stibject the blades to more severe  operating  conditions  than 

- and a ra t io  of cooling-air to c d u s t i m - g a s  flow per  blade of-  0.05. 

Engine 

A production  turbojet  engine was modified t o  accommodate and t o  
supply  cooling a i r  t o  several  air-cooled blades. The modif-Lcations 
were the same- as those described in reference 1 w i t h  the  exception  that 
one of the  turbine  rotors-used in  the  investigation was modified to 
accammodate four air-cooled  blades  approximately 90° apart instead o f -  
the usual two, 180° apart, and the tail cone of the engine was further 
modified by decreasing  the  thickness of the shroud d i r ec t ly  above the 
ro to r  b l a d a  from 1/8 t o  1/16 inch. T h i s  was done so that the  blades 
which failed would penetrate  the  thinner shroud and prevent damage to * 
the remaining blades. I n  the investigation when.the turbine-inlet 
temperature was held a t  a conetant  value, t h e  temperature controlled 
by an adjustable tail-pfpe nozzle. 

The cooling air f o r  the air-cooled blades was supplied by a system 
external t o  the engine and was meteredby flat-plate orifices.  The 
cooling-air  temgeratqre at the in le t  t o  the blade base was measured 7jy 
charnel-alumel  thermocouples. 



I n  order t o  obtain  the  effective gas temperature, uncooled blade6 ." 

were. instrumented  with chromel-alumel thermocouples. The themocougles 
were installed  in-the  leading -edge w f  the  blade a t  a distance 2% inches 
from the t i p .  Two-such blades were instal led in the  turbine ro to r  for. 8 
each blade  configuration  investigated. - ' P I  

.. ep 

. .  
t .  

A detaFled  desmiptidn of the engine modi f ica t ions  and i n s t m e n -  - 
tat ion I s  given in  reference 1. 

" .. - 
. . -  .." ". . 

Coaled Blades 

A t o t a l  .of l4 air-coaled.blades were fabricated and investigated; 
1 2  blades were made of cast o r  formed noncritical  metals and two blades 
were cast. from a high-temperature alloy. These blades comprised five 
different nontwisted blade mnfigclrations,  .herei&er  designated con- 
figurations A, B, C, D,.and E. The blaae  materials used were SAE 4130 
s t ee l  and Timken 17-22.A(S) steel  (noncritical  materials) and a c r i t i c a l  
material, AMS 53828. The chemical cmpositfon of these  materials  (ref- 
erences 8, 9,-and 10, respectively) is  summarized i n  table I. 

.. "" . .  
. . _  

. .  
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m .  

Pertinent  fabrication  data-for the blade  ponfiwations are sum- 
marized in- table 11. 

. - . -  
. . . . .  

- .. 
Configuration A. - The first configuration (A)  investigated had 

special .film-cooled leading and t ra i l ing  ea@;es as- s h w  -in  figure 1. 
The film cooling augpented the  forced-cmvection cooling obtained with 
air-cooled  blade8 such as those  described i n  references 1 t o  3. The 
leading edge .was ..fi.lp cooled .by passing air through three row8 of 
radial  s I b t a  (fig.  1). Tkie leading-edge  r&.ciii@E%ed-. of- four  s lo t8  
and the raws o n  either  side of the Leadirrg edge had three slo&s each" . 
These slots were 0.010 inch w i d e  and about 7/8 inch long. Configura- 
t ion A had a "sharp" leading edge, i ts  radius being 0.05 inch. The 
t ra i l ing  edge was- fUm cooled by a i r  passing through 29 holes of 
0.040-inch diameter  spaced.0.125  inch apart i n  a radial  groove that waa 
cut in  the  pressure  surface of the b b d e  0.375 inch from the  t ra i l ing 
edge.  -The t i p s  of the  blades were  capped a t  the  leading- and t ra i l ing-  
edge sections forci?&a pir t ion of  the CooJing a i r  td f l o w  through  the 
slots and hales  in  the leading and t r a i l i ng  edges. The . inter ior  of the 
blade w a s  packed with nine SAE 1020 s t ee l  tube6 t o  increase  the heat- 
transfer surface .arw in ..the _midchord sectj.0.n. - The tubes were Nicro- 
brazed i n  place-. The leading-edge modification of configuration A x-_ 
similar t o  that ef blades 7 and 8 I n  reference 4, whereas t h e   t r a i l h g -  
edge modification was similar t o  that of blade  6.in  reference 4. Two. 
blades (Al and A2) of t h i s  configuration-were" cast -of a-noncrit ical  
material, SAE 4130 steel ,  and 2 blades (A3 and A4) were cast from a 
high temperature alloy, AMS 5382A. These bladee were investigated a8 
caet  (no heat-treatment) . " 

. . .  . .  

~. 

" .  . 
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. .  - . 1  



NACA RM E51310 < 5 

- Configuration B. - Configuration B (fig. 2) was designed a s  a 
double flaw blade in order to-inake use of natural-convection  effects 
that  would augment the forced  convectJan  and-film  cooling of c o n f i p a -  
t ion A. Configuration B was similar t o  blade 14 of. reference 6, in 
which the  cooling  effectiveness of  several double-flow  blades' is pre- 
sented. The sbells and bases of configuration B were integrally  cast 
of SAF: 4130 steel .  Ten SAE 1020 steel  tubes were Nicrobrazed in the 
midchord section of the blade EO that they  terminated  approxfmately 

N 1/4 Fnch from the t i p  of the blade, which was entirely capped (fig. 2). 
w 
CD 
N The cooling air   that   entered  the  tubes  at   the base of the  blade . 

fl&ed  radially outward i n t o  the space between the blade cap and the 
tube ends. The air  then  reversed  direction a;nd flawed radially inward 
in the  leading- and trafling-edge  regions of the blade. Part of the 
cooling air entering  the  base of the  blade flowed d i rec t ly  into  the 
leadjlng- and trailing-edge  regions. Thus the ledbg- and t ra i l ing-  
edge regions were cooled partly by the   a i r  that entered  these  regions 
after  reversing flow direction upon f l a r ing  out of the  tubes and par t ly  
by the   a i r  that entered  these  regions  directly from the  blade  base. 

? The leading edge was -film cooled  by three rows of  radial  slots i n  
the same -mer as  configuration A. The leading-edge  temperature was 
f'urther  reduced by increasing  the lea--edge radius from 0.05 inch 
(configuration A) t o  0.099 inch  (configuration B) .  Increasing  the 
leading-edge  radius  decreases t h e  heat-transfer  coefficient a t  the 
leading-edge r e a m  as  discussed in  references 4 and U. 

Two radial  s l o t s  that provided  cooling-air-film  coverage for the 
t r a i l i ng  edge were ground through the wall of the  blade a t   t he   t r a i l l ng  
edge. Each slot was 0.025 t o  0.030 inch wide and about 1.5 inchea long. 
Two blades (B1 and 32) of this  configuration were investigated i n  the 
as-cast  condltion. 

Configurgtion C. - %e third  configuration (C) investigat.ed had the 
base6 and shells integrally cast of &IF, 41% steel .  This configuration 
(fig.  3) had nine s t ee l  hibes  inserted and microbrazed in the midchord 
region of the shell .  . IYo special method f o r  caolfng the  leading-.and 
trailing-edge  reeons was wed. This configuration was similar t o  that 
reported i n  reference I, in which-the  cooling  effectiveness.of  thls 
type of configuration is presented. Two blades (C1 and C 2 )  of t h i s  
configuration were fabricated  and-investigated .. in  the  as-cast  condition. 

- Ccmfiguratiop D. - Configuration D was construct-etL b y - f i l l e t  weld- 
ing formed:shells o f , S A E  4130 s t ee l  to bases c a s t  of the same material. 
Af te r  welding the shells t o  the  bases,  the  blades were given a stress- 
relieving  heat-treatment. The shell, whfch had an airfoi l   sect ion simi- 

I lar t o  configuration C except for  a.relatively sharp leading edge having 

- 
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a radius of approxhately 0.075 inch, was formed from a tapered  tube " 

into  the  blade  profile. The detai ls  05 this  fabrication  are  presented 
i n  reference 12. -No special method for cooling  the  leading- and 
trailing-edge  section of this  configuration was used. 

The two blades ( D l  and D2) of this conf5.guration had nine steel 
tubes  inserted  into  the formed shells.  Blade D l  had the  tubes Wicro- 
brazed. in place  and  blade D2 had the M e s  copper brazed in place. It 
i s  somewhat easier  to  fabricate  blades  with copper braze  (reference lZ), 
but  blades having  copper-brazed t.ubes had-not been previously  investi- 
gated for endurance,. and it was  not h o w  whether this method of fabri- 
cation was  suitable from an operational  standpoint. - . 

Configuration E. - Configuration E was fabricated from a  formed 
shel l  having the same profile a& configuration D. The formed she l i  was-. 
arc   but t  welded t o  a..protruding l i p  on the  cast~bgse.  (For detai ls  of 
this  fabrication method, see  reference 12.) This method was  probably 
a more desirable method of attaching  the shell ..to the  base  than the 
f i l l e t  weld  employed in fdbricatfng  configuration D. Configuration E 
( f ig .  4) had 12 s t ee l  tubes  brazed in   t he  didchord  region. I n  a l l t h e  
previous  configurations,  the  tubes  terminated at the  base of the  shell 
as shown in figure 3 and the  shell  supported  the. "entire w e i g h t  of the 
tubes. I n  configuration E, however, the  tubes were extended  about 
0.4 inch  into  the blade base and were brazed t o  the base.. In   t h i s  
manner 'the  tubes tend; t o  support some of their own weight and .thus the 
shell   stresses a re  reduced- (reference .1). A to ta l  .of four  blades 
(El, E2, E3, and E&) of t h i s  configuration were fabricated. In order 
t o  investigate  the endurance W a c t e r i s t i c s  of another  noncritical. 
material and to  campare the  results with SAE 4130 steel ,  t w o  of the 
blades (E3 and E4) w e r e  fahricated of Timken 17-22A(S) alloy -and two 
( E l  and E2) of SAE 4130 s teel .  One blade of each of 'these  materials 
had the  tubes in the midchord section- Nicrobrazed i n  place; two had the 
tubes copper brazed in place. - 

In  order to increase  the  strength and €0 decrease the creep ra te  of 
t h i s  group af blades,  both of the SAE 4130 steel-blades (El and E2) and 
the Timken 17-226(5) alloy blade. (E4), which had the  tubes Nicrobrazed 
i n  place, were heat-treated. T h e  remaining Timken 17-2ZA(S) a m y  blade 
(E3), which had .the  tubes copper brazed, Was 'iiot heatltreated so .that 
some canparison between heat-treated and  n-t-treBted blades might 
be made.  The heat-treatment  consisted in  heating  the Nicrobrazed blades 
(E2 and E4) i n  a salt bath at 20000 F far 15 minutes and then  isother- 
mally quenching the  blades  in  arrother.salt  bath a t  1200O F for 15 min- 
utes. The blade6 were then  permitted t o  air cool to  roqm temperature.. 
This heat-treatment is  considered m e  of the  better  heat-treatments f o r  
the materials used and i s  discussed i n  more de ta i l  i n  reference 12 .  Thk 
copper-brazed blade (E l )  with an SAE a30 s t ee l  shell was heat-treated 
i n  the aame  manner except the initial salt bath temgerature was U0Oo F 
and the  isothermal quench temperature was. 1000° F. 

. -  
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Uncooled Blades 

N 
W a 
[u 

A t  the beginning of the endurance program, hollow, mcooled, non- 
twisted blades-xiade> of -AMs 5382A alloy -of the s&e .$rofile as the 
cooled  bIades were placed  adjacent t o  the cooled  blade. This procedure 
w a s  followed in order t o  decrease the unfavorable flow cod i t ions  that 
may ar i se  by having the nontwisted  cooled  blade between the conventional 
twisted uncooled blades.  Configurations A .and B were investigated  in 
t h i s  manner. 

Before  proceeding  with  the  investigation of configurations C, D, 
and E, however, the uncooled nontwisted  blades were replaced by the 
solid  twisted uncooled blades that are conventionally uGed in the ro to r  
of this engine. T h i s  replacement was  necessary because of the  repeated 
fai lure  of  the hollow uncooledblades. Thus, for the  investigation of 
configurations C, D, and E, all of the r o t o r  blades except"Lhe  cooled 
blades under investigation w e r e  of the same configuration and material. 
From the data presented i n  reference 7, c&arisons of the chordwise 
temperature distribution fo r  an  air-cooled  blade-having  twisted and non- 
twisted  blades  Wacent  to it can be made fo r  engine  speeds up t o  
10,000 rpm. The data indicate that with  twisted or nontwisted  blades 
adjacent t o  the cooled bbde   there  is relatively small effect  upon the - 

chordwise temgeratures on the  cooledblade. Data are not presented i n  

Although the endurance t e s t s .  were made a t  an engine  speed of U,500 rpm, 
the change in temperature distribution around the blade probably w o u l d  
s t i l l  be relatively s m a l l  ana the endurahce resu l t s  would not be changed 
significantly. 

- 

- reference 7 for t h i s  comparison for engine Bpeeds exceeding 10,000 rpm. 

Configurations A and B 

The f i rs t  configurations investigated were A and E, which had f m  
cooled leading- and-T,railing-edge sections. The investigation began 
with t w o  blaaes of a. configuration. installed i n  the turbine. 

Previous investigations of similar configurations showed that the 
cooling  effectiveness of the leading-edge region decreased  rapidly a t  
low coolant flows (references 4 and 6) .  Consequently, i n  order t o  avofd 
operation of the bxdes of configurations A and B in a coolant flow 
range where decreased  leading-edge  cooling effectiveness is likely t o  - OCCUT, operation of these  blades was made at  -high coolant flows. In. 
order t o  provide somewhat of a cold  spin-test ,   init ial   operation of the 
blades w a s  made a t  very high coohnt flows (cooling-air t o  combustion- 
gas f low ratio per  blade, 0.15) at engine speeds wing from 4000 t o  
11,500 rpu. Periodic  visual-  inspections of the  blades -were made, and 
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if  no fai lures  occurred  during the  "cold-spin.test6",  the  blades were 
then  operated-at reduced coolant flows (cooling-air  to ccnribustion-gas 
flow ratio  per blade, 0.10) a t  engine speeds ranging f r o m .  8000 t o  
11,500 rpm. 

The investigation of these blades was made w i t h  the  adjustable 
tail-pipe  nozzle in full-open  position. The effective  gas temperature 
varied fram 93'70 t o  1452O F (depending p-ily on engine  speed) 
aurin@; the c w s e  of the  investigation. A summary of the engine opera- 
t ing conditions is shown in  table III. 

e 
Canfigurations C, D, and E 

From the experience  obtained during the  inveetigations of  configu- 
rations A and B, the operation of configurations C, D, and E a t  engfne 
speeds belaw 10,000 rpm was diepensed with because the results 
obtained a t  lower engine  speeds would have cmpar i t ive ly   l i t t l e  
significance. 

Configuration C was operated over a range of cooling-air t o  
canbustion-gas flow -ratios  per blade frcap_ 0.15 t o  0.05 a t  constant 
engine speeds  ranging from 10,000 t o  U,500 -??&a. h addi5ion t o  the -. 

constant speed tes ts ,  this configuration was subjected t o  a cyclic-type 
endurance operation. The cyclic,tests  consisted in operating the engine 
f o r  5 minutes a t  idling ,speed (4000 rgm) and accelerating  the engine in  
15 peconds t o  rated engine speed. (ll, 500 .rpm) . A t  rated engine speed, 
the  tail-pipe nozzle wa6 adjusted t o  give an effe.ctive gas (or so l id  
blade) teItrpe-mture of.14500 F. This temperature corresponds t o  a 
turbine-inlet temperature of approximately 1670° F. The-se conditions 
were maintained f o r  X'minutes  af%er which the  engine was decelerated 
i n  15 seconds t o  idling speed. This t e s t  procedure wa6 repeated for  
each additional  cycle. The  cyclic type of operation was chosen so that 
the  blades would be  'subjected t o  rapia changes i n  average t q e r a t u r e  
level,  thereby exposing the  blades t o  greater thermal shocks and making 
it necessary fo r  a more rapid redistribution of stresses  within  the 
blades than are encountered in coast%t-spe.ed  running. Before the . ' 

engine was started.for the cyclic  tests,  the coolFng.air flow t o  the . 

blades was s e t   a t  a constant  value that carresponded t o  5 percent of 
the engine.  gas flow per  blade at rated engine speed. The p o t e n t u t y  
of operating  air-cooled  blades at lower. cooling-aLr t o  canibustion-gas " 

flow ratios i s  indicated i n  reference 13; however, the  value af 5 per- 
cent was arb i t ra r i ly  chosen as the upper limit of..tlie amokt of c&ling 
air that could be blea from the conpressor  without excessively reducing 
the  over-all engine performance. . I .  . . . 

-. 
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Configuration D was sribjected  only-to the cyclic test. C 0 n Y i g u - a -  
t ion E, however, was  subjected t o  both  constant-speed running a t  engine 
speeds of 11,000 and ll,500 rpm and t o  the  cyclic  operation. All kun- 
ning was done a t  a cQolin@;-air t o  combustion-gas flow r a t i o  of 0.05 per 
blade. . .  

. .  . .  

The blades of these three  configurations were visually inspected 
periodically f o r  cracks o r  indi'cation of -impending fai lure .  A S~IIIIIZ~&TY 

tions is  given in   t ab le  IV. N of the  pertinent engine  operating  conditions f o r  these blade  canfigura- 
% 
N 

A summary of the endura.nce investigatims.of the five  air-cooled 
blade  configurations i s  presented in  tables 111 and IV. 

Blades Modified t o  Reduce  Chordwise  'Pemgerature Gradients 

The results of previous  investigations  (references 4 t o  7) indi- 
cated  that  blades  with  special leading- and trailing-edge  nmdifications 
had smaller chordwise temperature gradients than the unmodified 'blades 
and a t  the time showed the most promise of  operation in  present d.ay 
turbojet engines;  consequently, the first noncritical  blades endurance 
tested were those  having film-ccmled leading- and trailing-edge  sections 

Configurations A and B. - The endurance investigation of configura- 
tions A and B, which had the  leading and t r a i l i ng  edges modified f o r  
film  cooling,  revealed a type of fa i lure  that was cammon t o  both con- 
figurations.  After 3 to 6 h . m s  of operation  (see  table In), three of 
the  blades developed cracks between the radial s lo t s  in the leading-edge 
section. The cracks w e r e  perpendicular t o   t he  radial s lo t s  and 

developed in the same general area, approximately 1- t o  lE inch from 
the blade base; 

1 3 
32 

. _. . " -  . .  . . . . . . . . . . . . . . . . - 

The cracks first appeared in blade ~l (cast of SAE 4130 steel w ~ t h  
no heat-treatment). The cracks were welded and operation resumed. 
After 1 hour and 39 minutes of additional  operation, one of the cracks 
reappeared and the  blade was  removed f rom the.  turbine. The investiga- 
t ion of configuration A was then  continued yith  blade A2, which fa i led  
when the   ent i re  leading-edge section broke away from the  blade  shell. 
The t o t a l  operating  time for blade. A2 was approximately 6 hours of 
which o n l y  20 minutes were a t  rated engine  speed. 
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The endurance investigation o f  .conf.iguratioa B, consisting of two 
SAE 4130 blades with no heat-treatment, i s  also summarized i n  table III. 
Cracks developed between the  radial  leading-edge slots of one of  the 
blades - a f t e r  a t o t a l  operating  time- of 3 hours and 24 minutes, of which 
1 9  minutes were-at  rated Gngine. speed. Th..investigatiop of configura- 
t ion B was terminated a t  this  point because of the  repeated  failures 
that  had.been  experienced  with  blades  having radial leading-edge slots. 

I .  

In  order-.to determine if the  repeated  failures at the  leading edges 
were caused by the use'of noncritical  materials a t  elevated  temperature 
or i f  the failures were caused primarily by vibratory  stresses, two 
blades made of cast A" 5382A, a high-tenperatme  alloy, were investi- 
gated in the as-cast condition-.:. These blades were the same as con- 
figuration A, except for  the material. After operating  the  blade of ... .. 

AMs 5382A for a t o t a l  of 2 hours and 45 minutes, of which approximately 
1 hour was  a t  rated -engine  Fped, one.  of -the  blades developed a crack ' 

between the  radial  leading-edge, -slots;  the  location of the crack wae 
similar t o  that on t h e  blades.m&le..pf SAE 4130 s t e  .el.. .Wrther 1nvest.i.- 
gation of the AplIs 5382A blades  vas  not made. It was observed t ha t  a l l  
the  cracks in  the  1eading-edge.section -of confi.gurations A and B were- 
located  near tlie en& of .the  radial  Blots, where, because of the 
machining operation  used i n  making the slots, a shrp edge existed, 
which probably resulted In high stress  concentration a t  these  points. 
It was .thought, therefore, that some combination of vibratory stress 
and  perhaps  thermal s t ress ,   in   addi t icqto  the high stress concentra-.. 
tions near the edges of the r a w  slots, caused. the crajss. . .  . 

In  order  tadetermine whether the.cracks  across the leading edge ' 
were caused by  vibration  fatigue, an investigatfon of a blade shilar 
t o  configuration A was made t o  determine which modes of vibration.  could 
have been responsible for the fkllures. The blade was mounted i n  a 
turbine  apparatus as described  .in- de ta i l  , i n  reference 14. This investi- 
gation  indicated that a t  certain modes af  vibration  the"reeda formed by 
machining the  cooling-air  slots-  vibrated  as  separate beams producing 
high stresses  in-addition  to  the usual stress  concentrations  that  exist, 
at the end o f  the s lots  when the blade is rotating. It was also noted, 
that  most of the  other modes had nodal lines that intersected  the lead- 
ing edge -at or  near_.the e-gds o f  these @ots. Or the 15 modee that were 
recorded, seven had such intersections 3/8 i&-fr& the bhde base, and 

six had an  intersectlon 1; inch from the  base. These points  apparently 

would. be points of .Ugh vibratory  stress.  This is confirmed by the . 

location of the cracka b. the leading edges .of the blades operated i n  
the engine. Thus, it can be conclud.ed that the.failure a t  the  leading 
edges of configurations A and B was caused essentially by  the radial. 
slots and not by the blade material used; " 

". . 

c 

. " 
" 

0 1 -  
m 
M 
&I 

- . .  
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. " - "  

" * 

". . .  
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Although cooled  blades- wikh radial leadFng-edge s lo ts  of the type 
investigated appear t o  be structuraUv  unsatisfactory as r o t o r  blades 
a t  the  present time, further research f a  required on other types of 
leading-edge  modification that would eliminate  the high stress con- 
centrations a t  t h e  d g e  of the slots and tLecrease the  vibratory 
s t r e s ses   a t   t he  leading-edge  regions .. 

Blades with Large Chordwise T q e r a t u r e  Gradients 

Because of the  repeated failures a t  the leading edge of film- 
cooled con€'igurations A and By noncritical  blade  configurations having 
no special leading- or trailing-edge cooling methods  were investigated. 
Although blades of t h i s  type  configuration have large chordwise tem- 
perature  gradients,  the  redistribution of stress w . w d  probably occur 
and permit  engine  operation a t  current  turbine-inlet  temperatures. 
Consequently configurations Cy D, asd E were fabricated and investigated. 

Configuration C.  -  ne blade of configuration c (f ig .  3) cast of 
SAE 4130 steel with no heat-treatment was  installed in the turbine 

both ll,OOO and'll,500 rpm at  a cooling-air t o  coslbustion-gas flow r a t i o  
per  blade of 0 .E.. A t  the end of t h u  time, the second and third  tube 
inserts from t h e  t r a i l i ng  edge,  which were not  completely i n  contact w i t h  
the s h e l l  a t  the beginning of test, parted from the  shel l  near the  t i p ;  
nevertheless,  the test was continued f o r  a t o t a l  time of 8 hours (4 hr 
a t   r a t ed  speed) when the second tube *om the   t ra i l ing edge broke 

approximately 1- inch frcm the  base and -ed the   t i p  of the  blade as . 

it came out of the  cooling-air passage. An attempt t o  repair  this  blade 
was unsuccessFul and it w a s  removed from the  ro tor  and replaced by a 
similar blade. Although a radiograph  inspection of this second blade 
prior  to  installation  revealed shrinbage and porosity above a th i rd  
span length from the-base,  the  blade w a s  used in order t o  determine 
whether these defects had a serious  effect on structural   strength of 
the  blade.  After a t o w  running  time of approximately 31 hours (22 h r  
a t   ra ted  speed) the test of this blade was terminated because of dis- 
tort ion and excessive  creep a t  the   t ra i l ing  edge. The distortion of 
t h i s  blade a f t e r  2 minutes of the eighty-first  cycle of  operation  as 
ccmpared with a blade that had not been endurance tested is shown i n  
figure 5. S m a l l  crakks a t  the .leading edge, which are  apparently hot 
tears,. were also obBerved at  the  termination of the test. This a c e -  
sive creep may have resulted because the  blade was not  heat-treated. - Also the elongation may have been  caused by malfunctioning of one of 
the engine components  which: occurred  during the first 2 m i n u t -  of the  
eighty-first  cycle and caused the  effective gas temperature t o  reach a .. value of 1570' F, which is 120° F higher  than that normally maintained 
for the endurance inveatigatlons. The engine yae sbht down immediately 
and t h e  elongation of the  turbine  blades was observed. 

- ro tor  for the endurance t e s t .  This blade was operated fo r  1 hour a t  

1 
4 
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For both  blades of configuration C, a th in  oldde scale had developed 
on the  blade.shells af'ter.3 hours of operation. The oxidation  did  not 
progress to -any  observable extent  after  the  thin oxide scale was first 
observed. 

Configuration D: - I n  order to  investigate  the  structural  strength 
of blade -configurations that would lend  themselves t o  more rapid  blade 
productian than by integrally  casting  blades,  configuration D was tested 
f o r  endudnce. The two blades of thls configuration, Dl and DL', which 
were similar i n  profile and internal tube arrangement to  canfiguration C 
had  formed shells of SAE 4530 ateel f i l l e t  welded to  cast  bases. 
Blade D l  had the  tubes Microbrazed in  place and b&i& .DZ had the tube8 
copper brazed i n  place. - B l a d e  D l  f a i led  a t  the base after 10 cycles 
and 9 minutes a t  rated e a n e  speed hecause-of  insufficient weld pene- 

, t ra t ion at the.  blade  base.  Further  investigation of configuration D 
was terminated because the f i l le t  weld method of attaching  the  shell t o  
the  base was apparently  unsatisfactory. 

Configuration E. - I n  view of the observed failure of conf5gura- . 

t ion D, another method of welding that would give better weld penetra- 
t ion was attempted.on  configuration E by arc  butt welding the  shel ls   to  
a protruding lip on, the- -st bases. As -preCouely- mentJoned i n  t h i s  
report,  configuration E consisted of fogr formed blade shells, two of 
SAE 4130 s t e e l  ard - t w o  of Thken 17-22A(S) alloy, which has higher , 

strength  properties $ban .$he 4&3Q steel, Both. p f . _ m e  4130 - -  

steel  blades and 6nFof  the two blades made of Timken 17-22A( S) were 
heat-treated.to  increase  further  the  strength and decrease  the  creep . ,  

rate. The results of investigating  the four blades of  this configura- 
tion  indfcated.that no significant  creep was measured af ter   the   cm- 
pletion af 60 cycles of operation i n  addition t o  a t o t a l  of 1 hour of 
constant-epeed rmrmiq at  -11,GOO and ll,500 rpm. No further measure- 
ments were made of the  blade  elongation  because of the failure of an 
uncooled reference  blade after 69. cycleS, .wkich  damaged the t i p s  of 
a l l  the four c o o l d  l ladea . Approximately 1/8 inch had t o  be ground 
from the t i p s  of the  blades t a  remove the damaged .portions. The 
remoV&l of thie mas6,of m e t a l  from t h e  t i p  decreased t h e  centrifugal 
s t ress  a t  the  blade  base by approximately 500 pounde per aquare inch. 
I n  the procees of removing t h e  cool& bladee f r g m  the  rotor for 
repair ,   the SAE 4130 s t ee l  blade with copper-brazed tubes (El) waa - -  

damaged a t  the  leading edge t o  t h e  extent that it waa .not conelawed ... 

satisfactory f o r  further  investigation..  Therefore two .of . the 
17-22A(S) blade8 w&-e inkitall& I n  4mther rotor and the endurance 
test was continued. - A f t e r  a tiha1 of lQ5 .cyc le~  of operation, the 
unheat-treated  blaae.. (E3) .failed a t  t h e  baee.  Inspection of the 
fracture  indicated that the  fa i lure  could pos8ibly have been cauaed 
by a small structural  defect that was knm. t o  haqe exis.ted fFoq the 
time the  blade w a s  .fabricated. I n  place of .  thia blade the  remaining 
SAE 4130 s teel   b lade (32) was installed in   the   ro tor  and the  cyclic 
running continued.. , ' 

- -I 

" 

.- . . .  . . .. . . .  . . .  
. . .  

. I " 
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During the runniaag of the 17-22A(S)  and SAE 4130 blades a portion 
of the nozzle d5aph%gm fa i led  and bent"the t i p  of the 17-2211(8) blade 
E4 a t  the  leading edge. The blade was repaired by grinding  the  leading 
edge at.  the  blade  tip.  After a t o t a l  running t ime of 154 .cycles on the ' 

SAE 4130 blade and 190 cycles on the 17-22A(S) blade,  inspection of the 
blades  discldsed  that  the  oxidation, which w a s  first observed a f t e r  
20 cycles of operation and which increased a;t the t i p   a f t e r  60 cycles - 

of operation, was especially Severe a t  the leading and t r a i l i ng  edges 
of the SAE 4130 blade E3 as shown in  figure 6. This  blade was  removed 
from the ro to r  and replaced by a blade of similar configuration. The 
endurance test continued u n t i l  200 cycles w e r e  cmpleted on the 11-22A(S) 
blade E4 a t  'which time the test-was terminated b-ecaime the test condi-. 
tims (50 hr at rated speed during the cyclfc test) were considered 
sufficient t o  demonstrate the.s t ructural   durabi l i ty  of these  blades. A 
photograph of this blade after 200 cycles of operation i s  shown i n  f ig-  
ure 7. Because the   t i p   a t   t he  leading edge was damaged by fai lure  of 
an engine camponent, t he   t i p  w a s  ground as previously mentioned. Con- 
siderable oxidahian of this region i s  also  apparent. 

The resul ts  of the endurance. investigation,  although limited in   t he  
nuiber of blades"investigatedj show that air-cooled  blades made of 
noncriticalmetals can be  operated for extended periods of time i n  
engines a t  current  turbine-ililet temperatures; however, before these 
blades are consideked cmpletely  satisfactory f o r  gas-turbine  applica- 
tion, some  means- such as  coatings is required t o  inhibit  the  oxidation 
of  the blades. It. also. a@peaFs that both  the copper-braze  and Nicro- 
braze methods af attaching  the t a e  inserts to  the  blade &hell are 
equally  satisfactory, and the  isothermal quench heat-treatment of blades 
made of noncrit icalmaterials decreased  the  creep r a t e  and improved 
blade. l i f e .  

The results. of an experimental investigation  to determine the dura- 
. b i l i t y  of several  air-cooled  turbine-blade  configurations made of 

noncritical materials are summarized a s  follms: 

1. Air-cooled blades maae of noncritical materials and havim large 
chordwise temperature gradients are structurally  Satisfactory f o r  sus- 
tained  turboJetengine  operation at a turbine-inlet  temperature of . 
approximately 1670° F and a cooling-air to combustion-gas flow r a t i o '  
per  blade of 0.05. 

- 2. Blades made of noncritical niaterials oxidized  severely- when sub- 
jected t o  the combustion gases f o r  extended  periods of time. It is 
evident  that some oxidation  resistant  coating i s  necessary when low- 
alloy steels are  used. - 

. 
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3. Several bladels having radial .alots  in  the  leading edge for   f i lm a 

cooling i n  order to reduce the .3mrdw-?_se temperature  gradients were . " 

inyestigated and Pound. t o  'be stFncturalJy  unsatisfactory because of 
inherent weakness in %he. des.igns. 

. 
_1 

- . .  
- . -  

. .  " 
" 

4. The isathermal quench heat-treatment used on several of the -& 
NI blades mjzde of noncriXical-materials  apparently  decreased  the  creep 

ra te  and increased-blade l i fe .  

. -  . 

I 

... :_ 
I :  

-~ ... 
..I 

5. Attaching  the blade shells  to  the  blade  bases by arc   bu t t  weld- .." c 
ing was preferable t o   f w e t  welding  because of the insufficient weld 
penetration  obtained  with  the f i l l e t  welds,. . : 

. ." - 
. .  6- 

- 
.. "" 

. - . "  
- 

6. Both coppgr-Eraie zind microbraze. w e r e  apphrently equally 
satiefactory from a e t r u c b d  sLandPOint f.Qr. attaching  the  tube 
i m e r t s   t o   t h e  blade  shells. ... 

. . - _  " . .  

" - 
.. -. . 
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TABLE I1 - BLADE FBBRICATION W A  

Fabrication 
method 

Heat- t reabnt  BLade 

Al 

A2 

A3 

A4 

Bl 

Bz 

CI 

c2 

Dl 

D2 

El 

E2 

E3 

E4 

Shell Method of tube - 

m a t e r i a l  attachment 

SAE 4130 Steei  Tube6 Hicrobrazed 

base of shel l  
and termlaated a t  

Blade shell and base 
integrally cast 

M 4130 Steel Tubes Hicrobrazed 
and terminated. a t  
base of shel l  

None 

SQE 4130 Steel  

Blade shell and base 
integrally cast  

SAE 4130 Steel Bone Tubes Nicrobrazd 
and terminated at 
-base of shell 

SAE 41% Steel  

Formed shell f i l l e t  
welded t o  base 

stress relieved- 
af ter  wel- 
of' shell to base 

and terminated a t  
base of shel l  

and terminated at 
base of shel l  

~~ 

Formed shell arc 
butt welded to base 

~~ 

$eE 4130 &el Tubes copper. brazed 
and exLending into 
base of blade 

SAE 4130- Steel Tribes liicrobrazed 
~~ 

and extending into 
base of blade 

3tress relFeved 
sfter welding 
Df she l l  t o  base 

TWen 
and extending into 17-228(S) Steel 
TCbes copper brazed 

base of blade 

lfmken 
and extending into 17-22A(S) Steel 
Tubes Wicrobrazed 

base of blade 
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Cap oovering leading and tralllng 
edge reglam af blade t i p  r" . -  10 
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Figure 2. - Air-cooled bkde,  configuration B. (&TOWS indloate cooling-air flow.) 
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(a) Bottom vim. 

Figure 4 .  - Air-cooled blade, uonf lgura t ion  $. 
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Profile.  after 2 min of 
.5ighty-first ogole of operaciw 
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PisUre 5. - Distortion and creep a? blade C2 (met of &KE 4130 eteel) after 2 minutea ap 
eighty-firet ogole d operation. 
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